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1 Authors contributed equally.Angiogenesis is a physiological process involving the growth of blood vessel in response to speciﬁc
stimuli. The present study shows that limited microgravity treatments induce angiogenesis by acti-
vating macrovascular endothelial cells. Inhibition of nitric oxide production using pharmacological
inhibitors and inducible nitric oxide synthase (iNOS) small interfering ribo nucleic acid (siRNA)
abrogated microgravity induced nitric oxide production in macrovascular cells. The study further
delineates that iNOS acts as a molecular switch for the heterogeneous effects of microgravity on
macrovascular, endocardial and microvascular endothelial cells. Further dissection of nitric oxide
downstream signaling conﬁrms that simulated microgravity induces angiogenesis via the cyclic
guanosine monophosphate (cGMP)–PKG dependent pathway.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
During recent years, effects of microgravity on life process have
drawn considerable attention. Agencies have ﬂown more than 25
different cell types into outer space to study the effects of micro-
gravity on cell behavior [1–3]. Its biotechnological exploitation to
enhance recombinant protein production and growing animal cells
with a 3D structure mimicking natural tissues are also being ex-
plored [1,4]. However, effects of microgravity on angiogenesis are
largely unknown. In the present study, we have used in vitro and
in ovo models of angiogenesis to grow blood vessels and tubes
from endothelial cells (EC) under microgravity. Our study suggestschemical Societies. Published by E
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Centre, M.I.T Campus of Anna
91 44 2223 1034.that microgravity induces angiogenesis via inducible nitric oxide
synthase–nitric oxide–cyclic guanosine monophosphate (iNOS–
NO–cGMP) axis.2. Materials and methods
2.1. Cell lines
EAhy926, an immortalized macrovascular cell line was a kind
gift from Dr. Cora-Jean Edgell, University of North Carolina, Chapel
Hill, USA [5]. Bovine lung microvascular endothelial cells were
harvested from slaughtered animals as described previously [6].
Bovine pulmonary aortic endothelial cells were isolated from the
pulmonary artery. Porcine ventricular endocardial endothelial cells
(PVEEC) was a kind gift from Dr. C.C. Kartha, Rajiv Gandhi Centre
for Biotechnology, Trivandrum, India [7] (Table 1).
2.2. Simulation of microgravity
Three-dimensional clinostat was used to simulate microgravity
as described previously [8]. Cells grown in culture plates were
subjected to microgravity for 2 h at 37 C. To cancel the dynamic
simulation of gravity in any direction, cycles of rotation were elec-
tronically controlled at an outer frame rotation of 20 rpm and an
inner frame rotation of 13 rpm.lsevier B.V. All rights reserved.
Table 1
Microgravity mediated angiogenic response of different endothelial cell type.
No. Name Type Response to
angiogenesis
1 Eahy926 cellline Macrovascular (Umbilical cord) Positive
2 BPAE cells Macrovascular (Pulmonary aorta) Positive
3 PVEE cells Endocardial (Endocardium) No response
4 BLME cells Microvascular (Lung) No response
3416 J.H. Siamwala et al. / FEBS Letters 584 (2010) 3415–3423The formula for microgravity (g0) is
g0 ¼ x2R=g where g ¼ 9:8m=s2
R = radius from the centre of rotation; the clinostat rotates with a
constant angular velocity (x) where
x ¼ h=s ðangular displacement in radians=time takenÞ ð1Þ
¼ 2rads=s ð2ÞFig. 1. Microgravity promotes endothelial proliferation, tube formation, migration and w
evaluation for tube formation. EC migration was studied using Boyden’s chamber and
angiogenesis in microgravity treated embryos. (B) An elevation in cell number was obs
exposure to microgravity. Hemocytometer counting of the cells also showed an increasAt this angular velocity, the simulated microgravity is 103 [9].
For the motion controls, samples were kept in customized vertical
shaker to provide movements. Effect of microgravity on different
cell types was conﬁrmed by performing experiments as described
by Ichigi and Asashima [10].
2.3. Angiogenesis assays
Three day fertilized eggs (Poultry Research Centre, Nandanam,
Chennai, India) were placed in 3D clinostat for 2 h, followed by
24 h of incubation at 37 C before studying embryo vasculature
[11]. Microgravity was simulated in EC suspension and 1  105
cells were seeded on matrigel (BD Biosciences, USA) coated 96 well
plates. After 24 h, the number of tubes formed was counted with a
Motic phase contrast microscope. Migration of EC suspension was
measured using a Boyden’s chamber apparatus [11]. A wound
was created in 100% conﬂuent EC monolayer and stimulated for
2 h. The rate of wound healing was measured after 2 h [8]. ECound healing (A) EC suspension were subjected to microgravity for 2 h followed by
scrape wound healing models. **P < 0.001 and *P < 0.05 vs gravity. Inset shows
erved under microgravity while CMFDA image analysis showed no cell death upon
e in cell number under microgravity. *P < 0.05 vs gravity.
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measured by 3-[4,5-dimethylthiazol-2-yl]-2,5-dephenyltetrazoli-
um bromide (MTT) colorimetric proliferation assay.
2.4. Cell tracker assay
Viability of EC was determined by using 5 lM of 5-chlorometh-
ylﬂuorescein diacetate (CMFDA). Numbers of viable cells wereFig. 2. Microgravity elevates iNOS dependent NO production by EC. (A) A signiﬁcant inc
(25 lM) abolished such effects as assayed by NO electrode. Quantiﬁcation of iNOS mRNA
microgravity treated cells. *P < 0.05 vs gravity control and P < 0.05 vs microgravity contro
by using DAF-2DA probe, Griess assay and iNOS was measured in microgravity treate
microgravity.counted after taking the images with DP71 camera adapted to
Olympus IX71 microscope.
2.5. NO estimation
Three different assays were performed to detect NO viz., (a)
Griess Assay (b) diaminorhodamine-4M acetoxymethyl ester
and diaminoﬂuorescein-2 diacetate (Molecular Probe, USA)rease in NO production was observed in microgravity exposed cells while 1400 W
level in EAhy926 cells using RT-PCR technique revealed higher iNOS mRNA level in
l. (B) Microgravity mediated sub-cellular NO production was measured from BPAEC
d BPAEC using iNOS speciﬁc antibodies. **P < 0.001 vs gravity and P < 0.001 vs
3418 J.H. Siamwala et al. / FEBS Letters 584 (2010) 3415–3423measuring intra-cellular NO and (c) direct measurements of NO
generation (37 C, pH 7.4) using Apollo 4000, an optically iso-
lated multi-channel free radical analyzer ﬁtted with a NO selec-
tive membrane.Fig. 3. eNOS and iNOS levels in EC. (A) iNOS siRNA transfected cells were exposed to sim
Inset shows decrease in iNOS. **P < 0.001 vs microgravity. (B) eNOS level remained uncha
cells. (C) No difference in iNOS expression seen in microgravity treated PVEEC and micr2.6. RNA interference
Cells were transfected with siRNAs speciﬁc for human iNOS
using Lipofectamine 2000 following manufacture’s protocols. Eightulated microgravity for 2 h and NO production and tube formation was measured.
nged under both microgravity and gravity exposed macrovascular and microvascular
ovascular EC.
Fig. 3 (continued)
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taining media and after 36 h subjected to microgravity and plated
on matrigel coated wells. Numbers of tubes formed were then
counted after 24 h.
2.7. Immunoﬂuorescence
Immunoﬂuorescence for eNOS and iNOS in stimulated cells
were performed as described previously [8].
2.8. Reverse transcriptase polymerase chain reaction (RT-PCR)
RT-PCR reactions were carried out for 30 cycles at 92 C dena-
turation for 1 min, 57 C annealing for 2 min, and 72 C elongation
for 3 min. The forward primer sequence is 50-AGGACATCCTGCGG-
CAGC-30 and the reverse primer sequence is 50-GCTTTAACCCCT-
CCTGTA-30 speciﬁc for human iNOS sequence (3376–3691 bp,
product length 316 bp. The density of each band (in the 1.5% aga-
rose gel) was quantiﬁed using Bio-RAD gel quantiﬁcation software.
2.9. Western blot analysis
Cell extracts were resolved on SDS–PAGE followed by Western
analysis using polyclonal antibodies to iNOS and eNOS (Abcam,
USA) [11].2.10. cGMP measurement using enzyme immunoassay kit
Intra-cellular cGMP levels were measured using the cGMP en-
zyme immunoassay kit supplied by Sigma (St. Louis, MO, USA).
EC monolayers were treated for 2 h microgravity followed by
cGMP measurement using manufacturer’s protocol.
2.11. Statistics
Data are expressed as means ± S.E.M. Each experiment was per-
formed in triplicate unless otherwise speciﬁed. Statistical analyses
were performed by one-way ANOVA, t-test as appropriate.
3. Results
3.1. Microgravity stimulates endothelial cell functions
Wound healing assay using EAhy926 monolayer showed 60%
faster healing under microgravity for 2 h (Fig. 1A). Number of
EAhy926 cells that migrated from upper to lower compartments
of Boyden’s chamber was signiﬁcantly more in microgravity trea-
ted group (Fig. 1A). We also investigated effects of microgravity
on endothelial cell proliferation by incubating EAhy926 cells with
MTT and CMFDA for 30 min and 2 h, respectively. Microgravity
treatment for 2 h promoted EC proliferation (Fig. 1A and B). Micro-
3420 J.H. Siamwala et al. / FEBS Letters 584 (2010) 3415–3423gravity treatment of 3 day incubated egg for 2 h also showed sig-
niﬁcant neovascularization (Fig. 1A inset).
3.2. Microgravity induces iNOS dependent NO generation
Measurement of NO in macrovascular cells by three indepen-
dent assays viz., by NO electrode, DAF imaging and Griess assays
showed increased generation of NO under microgravity that was
attenuated by 1400W, a selective inhibitor of iNOS (Fig. 2A and
B). In accordance, iNOS mRNA level was also higher in microgravity
treated cells vis-à-vis gravity control (Fig. 2A).Fig. 4. Expression of iNOS in micro and macrovascular EC. (A) iNOS protein expression
using immunoblot assay. *P < 0.05 vs gravity. (B) NO production by macrovascular, end
**P < 0.001 vs gravity; P < 0.001 vs microgravity. (C) Wound healing in presence or in
P < 0.001 vs microgravity.3.3. Microgravity induces iNOS in macrovascular EC
EAhy926 cells transfected with iNOS siRNA generated almost
half the amount of NO than their untransfected counterparts under
microgravity (Fig. 3A). Further, immunoﬂuroscence assay demon-
strated no change in eNOS expression in 2 h microgravity treated
macrovascular and microvascular EC (Fig. 3B). Also, estimation of
iNOS levels in microvascular, macrovascular and PVEEC demon-
strated that microgravity treatments elevates iNOS level only in
EAhy926 cells while no changes were observed in microvascular
and PVEEC (Figs. 3C and 4A). In corroboration, higher NO produc-was measured in microgravity treated macrovascular, PVEEC and microvascular EC
ocardial and microvascular EC was measured using DAR-4 M ﬂuorescence probe.
absence of 1400 W was assayed in microgravity treated EC. **P < 0.001 vs gravity;
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EAhy926 cells but not in microvascular EC or PVEEC kept under
microgravity (Fig. 4B). Finally, wound healing assays showed high-
er healing response in EAhy926 cells than in microvascular ECs un-
der microgravity (Fig. 4C).
3.4. Microgravity acts via cGMP/PKG pathway
The role of cGMP/PKG pathway in iNOS dependant angiogenesis
was assessed by enzyme measurement and tube formation assays.
iNOS inhibitor showed marked inhibitory effects on microgravity
induced cGMP levels in EAhy926 cells (Fig 5A). Tube formation as-
say was performed using pharmacological blockers for soluble
guanylate cyclase (sGC) (ODQ) and PKG (KT5823). As shown in
Fig 5B, a signiﬁcant drop in number of tubes was observed upon
treatment with ODQ and KT5823. Simultaneous treatment withFig. 5. Microgravity induced tube formation is cGMP/PKG dependent phenomenon. (A)
enzyme based assay. **P < 0.001 vs gravity; P < 0.001 vs gravity + 1400 W. (B) Tubes
(10 lM), ODQ + sildenaﬁl citrate (1 lM) and KT 5823 (1 lM) were counted from the im
microgravity + ODQ. (C) A schematic ﬂow chart showing NO-downstream signaling path8Bromo-cGMP or Sildenaﬁl citrate partially restored ODQ medi-
ated inhibition of tube formation under microgravity (Fig. 5B).
4. Discussions
Dutt et al. [12] ﬁrst demonstrated that simulation of micrograv-
ity by horizontally rotating bioreactor upregulates growth factors
and promote cellular differentiation and three-dimensional assem-
bly, a prerequisite for blood vessel formation [12]. Recently, Infan-
ger et al. [13] showed that after 72 h of clinorotation, EC assemble
to three-dimensional tubular structures [13]. The concept of
microgravity as an ‘‘angiogenesis-inducing force” was further forti-
ﬁed when a 14 day space mission with rats revealed capillary for-
mation in the forepaw [14]. However, the response of EC to
microgravity is debated because of heterogeneity in experimental
approaches such as variation in duration of exposure, levels ofcGMP levels in the presence of 1400 W was measured in EAhy926 cells using an
formed in the presence of 1400 W (25 lM), ODQ (10 lM), ODQ + 8Bromo-cGMP
ages. **P < 0.05 vs gravity control, P < 0.05 vs microgravity control, #P < 0.05 vs
way and the site of action for different pharmacological inhibitors.
Fig. 5 (continued)
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microvascular EC under microgravity [15]. We tested the hypothe-
sis that iNOS plays a key role in modulating endothelial functions
under microgravity. We observed higher iNOS expression levels
in macrovascular EC but not in endocardial and microvascular EC
after microgravity treatment (Figs. 3C and 4A and B). Our observa-
tion is in agreement with others demonstrating that in rat cerebral
artery; hind limb unloading reduces NO activity and increases
myogenic tone of the blood vessels [16]. The present study also
demonstrates that while simulated microgravity enhances endo-
thelial migration in macrovascular endothelial cells, it inhibits
migration in microvascular endothelial and endocardial vascular
monolayers (Fig. 5A). Nevertheless, iNOS and NO are not the only
determinates of endothelial functions under microgravity. Cortrupi
et al. showed that microgravity reversibly inhibits endothelial
growth that correlates with an upregulation of p21, a cyclin-
dependent kinases inhibitor and down regulation of interleukin-6
[17]. Taken together, our work introduces a concept that in the
EC, microgravity de-couples iNOS from caveolin-1 via a mechano-
sensing pathway, which in turn produces bulk NO stimulating
angiogenesis. Our unpublished observation that a 15 min treat-
ment of EC with NO induces the formation of endothelial tubes
supports this postulation. However, the present study used limited
number of representative endothelial cell lines and cells of macro-
vascular, microvascular and endocardial origin. Further investiga-
tion warrants conﬁrming differential effects of microgravity on
primary endothleial cells of different origin.
Targeting key steps of the downstream NO signaling with sGC
modulators, we also demonstrate that microgravity induced tube
formation from endothelial monolayer is cGMP dependent
(Fig. 4A). Cyclic GMP-dependent protein kinase, PKG is a key en-
zyme in NO–cGMP signaling cascade and sGC–PKG pathway has
been implicated in angiogenesis under various physiological and
pathological contexts. It has recently been demonstrated that in
critical limb ischemia, sildenaﬁl therapy results in increased angio-
genic activity in a PKG-dependent manner [18].In summary, the experiments performed in this study estab-
lished that simulated microgravity increases the number of EC
tubes by activating endothelial iNOS in macrovascular EC. The
work also established that iNOS is the key molecular switch in
the differential effects of microgravity on macro and microvascular
EC. Finally, the dissection of NO-downstream signaling brought to
light the key role of cGMP–PKG pathway in microgravity induced
angiogenesis.
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